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WILLIAM ELIAS,$ DAVID J. SAHN, MD, FACCi: 
To determine whether Doppler color flow mapping could be 
used to quantify changing levels of regurgitant flow and 
define the technical variables that influence the size of color 
flow images of regurgitant jets, nine stable hemodynamic 
states of miirai insut&iency were studied in four open chest 
sheep with regurgitant orifices of known size. The magni- 
tude of mitral regurgitation was altered by phenylephrine 
infusion. Several technical variables, including the type of 
color flow instrument (Irex Aloka 880 versus Toshiba 
SSH65A), transducer frequency, pulse repetition frequency 
and gain level, were studied. 
Significant increases in the color flow area, but not in 
color jet width measurements, were seen after phenyleph- 
rine infusion for each regurgitant orifice. For matched 
Noninvasive quantification of valvular regurgitation is a 
potentially important application of Doppler echocardiog- 
raphy. Controvercy exists, however, whether spectral wave- 
form analytic methods for Doppler echocardiography are 
accurate enough to be clinically useful in determining the 
severity of mitral or aortic regurgitation. Doppler volume 
flow methods for calculating estimates of regurgitant vol- 
umes correlate well with angiographic regurgitant volumes. 
but are difficult and time-consuming to perform (l-3). Con- 
ventional pulsed wave Doppler methods map the extent of 
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misleading (4). Doppler color flow mapping displays the 
spatial distribution of regurgitant flow, eliminating some of 
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levels of mitral regurgitation, an increase in gain resulted in 
a 125% increase in color flow area. An increase in the pulse 
repetition and transducer frequencies resulted in a 36% 
reduction and a 28% increase in color flow area, respec- 
tiveiy. jet area for matched regurgitant voiumes was iarger 
on the Toshiba compared with the Aloka instrument (5.2 + 
3.1 versus 3.2 + 1.2 cm*, p < 0.05). 
Color flow imaging of mitral regurgitant jets is depen- 
dent on various technical factors and the magnitude of 
regurgitation. Once these are standardized for a given 
patient, the measurement of color flow jet area may provide 
a means of making serial estimates of the severity of mitral 
insufficiency. 
(J Am Co11 Cardio11989;13:1631-6) 
the error in Doppler spectral waveform analysis. Initial 
reports (4-7) indicate that this method correlates well with 
angiographic methods of quantifying valvular regurgitation. 
However, its ability to detect changing severity of regurgi- 
tation has not been adequately addressed. Furthermore, the 
role of instrument settings on color flow estimates also needs 
clarification. 
Preliminary reports (8,9) suggest that gain, pulse repeti- 
tion frequency and transducer carrier frequency significantly 
influence the size of imaged in vitro jets. It is, therefore, 
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ences measurement of intracardiac flows. The purposes of 
the present study were 1) to determine whether Doppler 
color flow mapping can be used to quantify changing mag- 
nitudes of regurgitant flow in an animal model of mitral 
regurgitation, and 2) to define the technical variables that 
influence the imaging of regurgitant jets by Doppler color 
flow mapping in vivo. 
Methods 
Experimental preparation. Four sheep (weighing 20 to 60 
kg) were anesthetized with 5% thiopental and 1% halothane, 
intubated and ventilated with a volume-cycle respirator. The 
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heart was exposed through a transverse bilateral fifth inter- 
space thoracotomy. With use of standard cardiopulmonary 
bypass, a single 4, 5 or 7 mm circular hole was punched in 
the anterior leaflet of the mitral valve of each of three sheep. 
Two of these sheep were studied on the day of operation, 
and the third was studied 18 months after operation. One 
more sheep was studied 3 months after a 4 mm hole had been 
punched in one of the leaflets of a bovine pericardial bio- 
prosthetic valve implanted in the mitral position. 
The animals were instrumented for hemodynamic studies 
in the following manner. A 5F, 50 cm NIH catheter was 
inserted into the left atrium through the left atria1 appendage. 
Another 5F, 50 cm NIH catheter was inserted into the left 
ventricle at the level of the papillary muscles directly 
through the left ventricular free wall. A 7F Swan-Ganz 
flow-directed thermodilution catheter was positioned in the 
pulmonary artery through the left femoral vein. A 2 cm, 20 
gauge catheter was placed percutaneously in the left femoral 
artery to monitor systemic arterial pressure. Lead II of the 
electrocardiogram (ECG) was also monitored. The ECG and 
pressure signals were recorded on a Gould ES 1000 electro- 
static recorder using Gould Statham pressure transducers. 
Doppler color flow mapping and experimental protocols. 
Two color flow mapping systems were used. Both devices 
color-encode the spatial distribution of Doppler-detected 
flow velocities in real time, and superimpose flow velocity 
information on real time two-dimensional echocardiographic 
images. All four sheep were studied with use of 2.5 and 5.0 
MHz carrier frequencies with an Aloka SSD-880 instrument. 
Two of the sheep were studied using 2.5 and 3.75 MHz 
carrier frequencies with a Toshiba SSH65A ultrasonograph. 
Pulse repetition frequencies of 4, 6 and 8 kHz and low, 
medium and high gain settings were used with both instru- 
ments. A wide sector was employed to ensure that all 
Doppler color flow information within the left atrium was 
recorded. Thus, frame rates ranging from 10 to 20 frames/s 
were obtained. 
Both Doppler flow mapping systems employ autocorrela- 
tion to process Doppler signals for the calculation of mean 
flow velocity and variance at multiple sites within the cardiac 
image. Blood flow towards the transducer is displayed as 
intensities of red; flow away from the transducer is displayed 
as intensities of blue. The intensities of the colors are 
proportional to blood flow velocity and are expressed either 
on an 8 step scale (Aloka) or a 16 step scale (Toshiba). 
Increasing spectral variance (that is, turbulence) is displayed 
as increasing admixtures of green superimposed on the basic 
colors. 
The amount of mitral regurgitation in each sheep was 
varied by increasing afterload with intravenous infusion of 
phenylephrine (I to 5 dmin) to increase the left ventricular 
systolic pressure by 40 to 50 mm Hg. Once a stable hemo- 
dynamic state was achieved, Doppler color flow data were 
acquired. Two stable hemodynamic states were obtained in 
three sheep; in the fourth, three stable hemodynamic states 
were achieved, resulting in a total of nine hemodynamic 
states. Doppler color flow images were examined in the four 
chamber apical view, obtained with the transducer placed on 
the heart, with small alterations in transducer angulation to 
maximize the imaged regurgitant flow. Color flow-directed, 
pulsed wave and continuous wave spectral Doppler exami- 
nations were also performed at each hemodynamic state. 
Images were recorded and played back on a Sony U-matic 
5500 videocassette recorder. Measurements were made at 
each steady state for each transducer carrier frequency, 
pulse repetition frequency and gain setting. 
Measurements 
Hemodynamics. The size of the regurgitant orifice was 
assumed to be the size of the circular hole surgically 
punched in the mitral leaflet, and was verified at postmortem 
examinations. Mitral regurgitation was quantified as the 
product of the regurgitant orifice and the flow velocity 
integral, traced over the maximal velocity envelope obtained 
from color flow-directed continuous wave Doppler ultra- 
sound (expressed in milliliters/beat). The regurgitant fraction 
was obtained by dividing the regurgitant volume into the sum 
of the regurgitant volume and the forward stroke volume. 
Stroke volume was determined from the quotient of the 
thermodilution-determined cardiac output and heart rate. 
Doppler color flow measurements. Color jet width was 
taken as a side to side measurement of the regurgitant jet in 
the left atrium, immediately behind the mitral valve. Color 
jet area was measured as the maximal variance-defined area 
in the left atrium during systole (Fig. 1). We avoided low 
velocity swirling flow within the left atrium caused by 
pulmonary venous inflow, using frame by frame analysis to 
identify it. Measurements were made from the video monitor 
by an observer who did not know the size of the regurgitant 
orifice, using an X-Y digitizer interfaced to a Numonics 
minicomputer. 
Interobserver differences. Color flow width and area mea- 
surements from each steady state were repeated by a second 
observer, unaware of the previous measurements, and inter- 
observer differences were calculated as the difference be- 
tween two observations divided by the mean of the two 
observations. Interobserver differences were 9.6 2 8.6% for 
color jet width, and 20.3 ? 14.6% for color jet area. 
Statistical analysis. All results are expressed as mean 
values + 1 SD. Statistical significance was determined using 
an analysis of variance. When a significant overall analysis 
of variance was obtained, at test with Bonferroni correction 
was used to determine the significance of differences be- 
tween two groups. When two groups were compared, Stu- 
dent’s t test was used. Significance was defined as p < 0.05. 
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Figure 1. Regurgitant jet area is measured as the turbulent-defined 
region within the left atrium (upper panel). Its borders are outlined 
in white (lower panel). Turbulent flow is characterized by increased 
spectral variance, represented by shades of green overlaid on a 
mosaic of colors. Note that our measurements excluded swirling flow 
in the left atrium. LA = left atrium: LV = left ventricle. 
Results 
Hemodynamics. Regurgitant flow in these experiments 
varied from 12 to 57 ml/beat, and regurgitant fraction ranged 
from 30 to 65%. For the four sheep combined, phenylephrine 
infusion resulted in a 10% decrease in heart rate (from 112 i 
10 to 101 + 9 beatsimin), a 26% increase in mean arterial 
pressure (from 78 2 11 to 104 2 10 mm Hg), a 16% decrease 
in forward cardiac output (3.2 2 0.4 to 2.7 t 0.6 literimin) 
and a 73% increase in the height of the left atrial V wave 
(from I5 2 7 to 26 * 9 mm Hg). Only the change in the 
systemic arterial pressure was statistically significant. 
Relation between Doppler color flow and regurgitant flow. 
The relation between color flow area (for each gain, pulse 
repetition frequency and transducer frequency) before and 
after phenylephrine infusion for each regurgitant orifice of 
the four sheep is shown in Figure 2. Color flow area 
increased significantly as regurgitant flow was increased with 
phenylephrine infusion at each orifice. However, for a 
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Figure 2. Doppler color flow area at control (C) and after phenyl- 
ephrine infusion (A) for each regurgitant orifice size. Each bar 
indicates mean t I standard deviation. The corresponding regurgi- 
tant flow (in cc/beat) is shown in each bar. Two sheep had a 5 mm 
regurgitant orifice, and data from these sheep are combined. Dop- 
pler color flow area increased significantly with the afterload- 
induced increase in regurgitant flow. Note the larger increase in 
color flow area for a similar increase in regurgitant flow across larger 
regurgitant orifice areas. 
similar increase in afterload-induced regurgitant flow, the 
increase in color flow area was greater with larger versus 
smaller regurgitant orifices. 
Color flop, jet width measurements at each regurgitant 
orifice are illustrated in Figure 3. Afterload-induced in- 
creases in regurgitant flow did not significantly increase jet 
width across the 4 and 5 mm orifices. There was a small but 
significant increase in jet width across the 7 mm orifice. 
Although there was a tendency for changes in color flow jet 
width to reflect the individual known orifice sizes, Doppler 
Figure 3. Doppler color flow jet width at control (C) and after 
phenylephrine infusion (A) for each regurgitant orifice size. Each 
bar is mean t 1 standard deviation. An increase in jet width was 
seen only for the largest orifice (7 mm). Note that color flow 
mapping overestimated the size of each regurgitant orifice. 
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Figure 4. Relation between technical variables and Doppler color 
flow area. Each bar represents the average color flow area + 1 
standard deviation for matched regurgitant flows at each instrument 
setting. Each variable independently altered the relation between 
regurgitant volume and color flow area. The greatest change was 
affected by alterations in gain. F, = transducer carrier frequency; 
PRF = pulse repetition frequency. 
color flow mapping significantly overestimated the size of 
each regurgitant orifice. 
Instrument comparisons. Nine studies at constant gain, 
pulse repetition frequency and transducer carrier frequency 
(2.5 MHz) from four hemodynamic states were examined to 
compare the color flow jet areas on the two ultrasound 
systems. Jet area was consistently larger on the Toshiba 
system than on the Aloka system (5.2 ? 3.1 versus 3.2 2 1.2 
cm’, p < 0.05). Jet width measurements made with the 
Toshiba system tended to be larger compared with those 
measured with the Aloka system (0.98 & 0.12 versus 0.87 5 
0.12 cm, respectively, p = NS). 
Relation between Doppler color flow jet areas and instru- 
ment settings. Although color flow jet area increased with 
increases in regurgitant flow, the gain, pulse repetition 
frequency and transducer carrier frequency independently 
altered the result (Fig. 4). Increasing gain and transducer 
carrier frequency and decreasing pulse repetition frequency 
all significantly increased measured color flow areas for 
matched regurgitant flow. Increasing gain resulted in a 125% 
increase in color flow area, compared with a 36% reduction 
and a 28% increase in color flow area with an increase in 
pulse repetition frequency and transducer frequency, re- 
spectively. 
Discussion 
Comparison with previous studies. The severity of valvu- 
lar regurgitation is an important prognostic determinant in 
patients with valvular disease (10). Quantification of regur- 
gitant volume and serial assessment of the severity of 
regurgitation would, therefore, be a valuable adjunct in the 
management of these patients. A number of methods using 
pulsed and continuous wave Doppler ultrasound (2,1 l-13) 
have been designed with this goal in mind and with varying 
success, but these methods do not accurately assess the 
severity of regurgitation. Doppler color flow mapping has 
recently been shown to identify and roughly quantify mitral 
regurgitation in clinical series (5,6). The principal advantage 
of this technique is that it allows one to quickly scan the left 
atrium in multiple projections and identify jets with unusual 
spatial orientation, thereby reducing the time of a conven- 
tional Doppler echocardiographic examination. Although 
close correlations with the angiographic grade of severity 
have been reported (5,6), more quantitative approaches 
using regurgitant fraction and volume have been hampered 
by errors in calculating the reference standard (14-16). 
Calculation of regurgitant flow can be accomplished given 
a flow orifice of known size and accurate Doppler veloci- 
metry of the regurgitant jet. In our study, flow velocity 
integrals were obtained with Doppler color flow-guided 
continuous wave interrogation of the regurgitant jet, a 
method which has been previously shown to reduce error in 
velocity measurements (17). Unlike most models of regurgi- 
tation, the regurgitant orifice in our model may have been 
fixed and nonvarying, as suggested by the failure of color jet 
width to increase with afterload-induced increases in regur- 
gitant flow. Thus, although the mitral regurgitant orifice area 
between leaflet coaptation usually increases under pressure 
loading and decreases as left ventricular pressure decreases 
during ejection (18), the regurgitant orifice in our model 
should not be affected in this way. This feature allowed us to 
use the calculated regurgitant flow and compare it with color 
flow imaging estimates of regurgitation without the use of 
angiography. 
Physiologic determinants of mitral regurgitant volume. 
Although we were able to demonstrate a linear relation 
between regurgitant flow, color jet area and parallel changes 
with acute increases in afterload, considerable scatter of the 
data precludes quantification of absolute regurgitant volume. 
Multiple scanning planes and normalization for left atrial size 
have been suggested (4) as a means for increasing the 
accuracy of such determinations; however, it is unlikely that 
significant improvements in the quantification of regurgita- 
tion would result from these techniques because the rela- 
tions between color flow area and regurgitant volume are 
complex and influenced by many other variables. These 
variables include the regurgitant orifice size, the driving 
pressure gradient and the duration of regurgitation (19). 
Thus, we observed a greater change in color flow area for 
large compared with small orifices for the same change in 
regurgitant volume. In addition, boundary effects and com- 
peting flow within the receiving chamber influence the area 
and shape of color flow areas, altering the relations between 
regurgitant flow and color flow jet area. The relative influ- 
ence of these factors in determining the magnitude of the 
regurgitant color flow area is not known at present. 
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Instrumentation determinants of the Doppler color flow 
mapping jet area. In addition to these physical variables, 
our study demonstrates that instrument settings are also 
important determinants of color flow jet area. Our results are 
consistent with clinical studies (5,6) that have qualitatively 
examined gain dependence of color flow jet area and prelim- 
inary data (9) that show that instrument variables affect in 
vitro jet measurements. Regurgitant jets in our study were 
defined by boundaries of variance (turbulence), which may 
underestimate the size of the color flow jets and bias color 
flow areas obtained from ultrasound systems with more 
sensitive variance algorithms. Thus, increased sensitivity 
and an enhanced variance display as shown by our group’s in 
vitro studies may be responsible for the larger size of the 
imaged color flow jets recorded on the Toshiba compared 
with the Aloka system (8). 
Although it is not known which portion of the jet should 
be selected for planimetry for jet area measurements, we 
chose its variance, or turbulence-defined borders. It has 
been suggested (5) that an interrogation angle that is not 
parallel to a turbulent jet results in a laminar-appearing low 
velocity flow that could erroneously be excluded from jet 
area measurements. However, the frequent occurrence of 
jets with intense variance when imaged from large intercept 
angles makes this unlikely (17). It is more likely that such 
low velocity flow represents small entrainment eddies that 
form as the turbulent jet enters a divergent flow chamber 
(that is, the left atrium). Such low velocity flow would be 
difficult to distinguish from low velocity flow entering the left 
atrium from the pulmonary veins. To reduce this error. we 
chose to use the variance-defined regurgitant jet to define 
regurgitant jet area. Furthermore, borders of variance were 
sharper than low velocity. swirling flow. Despite this. we 
still found an interobserver difference of 20%. The use of 
off-line digitization of variance within the left atrium may 
provide an opportunity for measuring the degree of turbu- 
lence in mitral regurgitant jets with less operator-dependent 
variability. 
Limitations of the study. The overestimation ofjet widths 
that we observed relative to the regurgitant orifice probably 
resulted from problems related to lateral resolution and 
inability to record flow precisely at the regurgitant orifice. 
Furthermore, in this model with a relatively fixed regurgitant 
orifice area, jet width was not a useful measurement to 
estimate changing degrees of mitral regurgitation. 
We measured the color jet area in a single echocardio- 
graphic plane. and clinical studies (5) suggest that the 
accuracy of Doppler color How mapping relative to angio- 
graphic grade of severity is improved when multiple planes 
are used and the left atria1 area is taken into account. 
However. the time necessary for the ,multiple studies per- 
formed at each hemodynamic state precluded imaging in 
more than one plane, and our study was designed primarily 
to evaluate the ability to detect changing amounts of mitral 
regurgitation and to assess the influence of instrument set- 
tings and transducer frequencies on these estimates. Further 
studies are needed to determine the optimal number of 
scanning planes for quantifying mitral regurgitation. How- 
ever. in view of the many variables involved, we believe it is 
optimistic to expect multiplanar imaging to accurately mea- 
sure absolute regurgitant volumes with presently available 
equipment. 
Another limitation of this study is the high (20%) inter- 
observer \wrirrhility for jet areu. Because our observers did 
not necessarily measure the same beats, part of the variabil- 
ity relates to interbeat differences. Nevertheless, our inter- 
observer errors were not different from those recently re- 
ported in another study (20). Such variability needs to be 
considered when serial semiquantitative estimates of mitral 
regurgitation are made with Doppler color flow mapping. 
Another source of interobserver variability relates to the 
boundaries of the color jet area selected for analysis. Use of 
the variance-defined jet may reduce but will not eliminate 
this variability. 
Because Doppler echocardiographic examinations were 
performed with the transducer placed directly on the heart, 
the left atrium was interrogated at depths lower than those 
usually encountered in human studies. In the clinical setting. 
the depth of the left atrium and the signal to noise ratio of the 
Doppler signal dictate the transducer frequency and pulse 
repetition frequency of the instrument and are important 
variables that were not adequately addressed in our experi- 
mental study. 
Clinical implications. Color flow imaging of mitral regur- 
gitant jets is dependent on a number of routine instrument 
settings under operator control. Gain, pulse repetition fre- 
quency and transducer frequency as features causing vari- 
ability of flow imaging, and differences in turbulence dis- 
plays. need to be considered if quantitative assessments of 
regurgitation and comparative studies among laboratories 
are to be achieved. In the clinical setting. regurgitant flow 
should be imaged in more than one echocardiographic plane. 
We recommend that color gain be adjusted so that a slight 
amount of background noise appears on the screen. Al- 
though somewhat arbitary. underestimation of flow is 
avoided, and the level of gain can be recognized and dupli- 
cated. Although the pulse repetition frequency and trans- 
ducer frequency will vary among patients. these variables 
must be kept constant when serial studies are performed on 
individual patients. Finally. for the reasons discussed in this 
report. we recommend imaging regurgitant jets with use of 
the variance mode. Only after various instrumentation fac- 
tors are standardized for a given patient can the measure- 
ment of color flow jet area provide a means for making serial 
estimates of the severity of mitral regurgitation. Further 
studies are needed to assess the importance of other instru- 
ment variables. such as spatial filters. frame rate and vari- 
ance algorithms on color flow jet area, and to determine the 
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value of estimating the severity of regurgitation by digitiza- 
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